A central composite design experiment was conducted and the response surface methodology was performed to optimize the degradation conditions of the mixed bacterial strains that can degrade toluene and H 2 S. Results showed that the optimum conditions was as follows: pH 6.6, culturing temperature 29.4℃, inoculation quantity 3.0%, additive amount of toluene 3.0µL, additive amount of sodium thiosulfate 4.0g. The selected bacterial strains under the optimized conditions created a good performance of the bio-trickling filter in treating toluene and H 2 S simultaneously. When the inlet concentration of toluene was 600-900 mg•m -3 , the toluene removal efficiency (Re) of the BTF could reach a stable level of 91.2% and the corresponding removal loading was 50.6g•m -3 •h -1 . Furthermore, the BTF could tolerate an inlet H 2 S concentration of 74 ppm with a high efficiency of 95% with the toluene Re not affected obviously.
Introduction
Hydrogen sulfide (H 2 S) and volatile organic compounds (VOCs) are the main common contaminants generated from various industrials such as municipal wastewater treatment plants, landfills, pharmaceutical factory and biogas plants [1] [2] [3] . Several categories of H 2 S or VOCs abatement methods have been developed over the past decades including physical, chemical and biological methods [4, 5] . Bio-filtration processes have been widely accepted because of their high removal efficiency (Re) at low concentrations, less land occupation, and moderate capital costs [6] [7] [8] .
While the microorganisms play an important role in the BTFs, their activities were affected by many factors, such as temperature, pH and contaminant concentrations [4, [9] [10] . Response surface methodology (RSM), as a statistical analysis approach, is an efficient and widely used methodology to analyze, compare and optimize the simultaneous application of different factors. Central composite design (CCD) experiment is the most economical and reasonable method which combines experimental analysis and mathematical modeling [11] [12] [13] .
The objective of the research was to optimize the degradation conditions under which bacterial strains degrade toluene and H 2 S most effectively. A CCD experiment was conducted to optimize the degradation conditions of the mixed microbial consortium [14, 15] . Performance of the BTF inoculated with bacterial strains obtained under the optimized conditions that removed toluene and H 2 S from gas streams simultaneously was also researched.
Materials and Methods

Experiment Device
Exhaust gas treatment system was made of plexiglass of 5 mm thick, with a total bed length of 1100 mm and an internal diameter of 85 mm. The packing material was ceramsite which is characterized by the average diameter of 8 mm and the specific surface area of 1.33 m 2 •g −1 . The ceramsite was divided into two segments, using a total effective volume of 3.84L. H 2 S was generated by transferring Na 2 S and H 2 SO 4 solutions into a reaction tank by using a peristaltic pump. A recirculation solution of 5L which was renewed every week was fed into the bio-trickling filter using a centrifugal pump at 0.1 m 3 •h -1 . The process flow diagram was showed in Fig. 1 . 
Bacteria and Inoculation
Microbes used for the inoculation of BTF were previously isolated and enriched for the degradation of toluene and H 2 S. It was isolated from activated sludge collected from secondary sedimentation tank of Xiao Hong Men waste water treatment plant and Xiao Wu Ji waste transfer station in Beijing. The two bacterial strains were domesticated with the method of RSM as described later in this article.
Analysis Methods
Gas samples were collected from the inlet and outlet ports using a sample needle (Tedlar, USA). The toluene concentration was measured by using a gas chromatograph, Agilent 6890 (HP, USA) equipped with a flame ionisation detector and 19091J-413 chromatographic column (30 mm × 0.32 mm, 0.25 µm). The injector, detector and oven temperatures were set at 100℃, 300℃ and 60℃, respectively. H 2 S concentration was measured with the method of methylene blue spectrophotometry. The pH of the nutrient solution was measured by using a pH meter (Testo).
Design of the Optimization of the Experiment
Culture temperature (CT), pH, inoculation quantity (IQ), additive amount of toluene (AAT) and additive amount of sodium thiosulfate (AAST) were the factors investigated and were treated as argument while degradation rate of toluene (DRT) and the concentration of SO 4 2-(C(SO 4 2-)) as the response. The five factors were coded and valued as table1. 3. Results and Discussion
Analysis of Factors Effect
A regression model was acquired with five factors associated with the response value Y 1 . The specific form of the resulting regression model was as formulation (1):
The significance level was determined by p and t, the smaller the P value and the lager the t value, the more significant of the corresponding coefficient. Tab. 2 showed the significant testing content. It could be seen from tab. 2 that the effect of culture temperature(Prob>F and Prob <0.0001)on response value (rate of toluene degradation) was the most significant and the inoculation quantity came second. The effect of all the 5 factors of the quadratic term was of great significant, which showed that the 5 factors had a powerful influence on the toluene degradation. Among the interactions between each factor, only the ones between pH and inoculation quantity, temperature and additive amount of toluene were of great significance. Together with the p value and the t value, it was apparent that the most critical influence on toluene degradation was culture temperature, and then came inoculation quantity, pH, additive amount of toluene and additive amount sodium thiosulfate in order.
Response Surface Analysis and the Determination of Optimum Point
This study produced response surface plots and contour maps about the interactions between the 5 factors on the response value Y 1 . The actual results were shown as Fig. 2 It could be seen from Fig. 2 (a) that there was a large degree of bending, which represented that temperature and pH had a profound effect on the degradation rate of toluene. It also could be seen that the conversion of toluene was more affected by temperature than pH for the bending degree of temperature cure is lager. When the pH value was fixed, the conversion of toluene would increase first and then decrease along with the rose of temperature and it was the same when the temperature was fixed. From Fig. 2 (a) , it was apparent that the optimum value of pH was between 6.5 and 7.5.
For the response value Y 2 , the notable-checked of regression equation method and the determination of optimum value method were the same with response value Y 1 . So the detail analysis was narrated only for Y 1 here.
Performance of the BTFr in Treating Toluene and H 2 S Simultaneously
The bio-trickling filter was started up by inoculating bacterial strains optimized above with a method called "three step immobilization method" [3] . The performance of bio-trickling filter during the start-up period was illustrated in Fig. 3 .
During the start-up period, toluene was introduced into the BTF at an inlet concentration range of 600~900 mg•m -3 . The empty bed residence time (EBRT) was set as long as 64 s to make certain the microorganisms have adequate time to capture the contaminants considering the transfer limitations. The bio-trickling filter had a Re that higher than 45% at the first day, this was because the biofilm bacteria were domesticated in advance. It was obvious from Fig.3 that the toluene Re increased with the extension of time. The steady working performance of the BTF characterized with Re not changing obviously at 90% during the after 5 days' operation (day16-day22) proved that the bio-trickling filter was successfully started. After running the bio-trickling system stable, predominant desulphurizing bacterial strains were inoculated into the bio-filter and H 2 S was mixed into the inlet toluene. Fig. 4 gave the variation of Re of toluene after inoculating desulphurizing bacterial strains and mixing H 2 S into the inlet air flow. As can be seen from Fig. 4 , the toluene Re decreased to 63% after adding desulphurizing bacterial strains and H 2 S to the BTF system. However, the toluene Re showed growth trend with time lapsing and reached a stable level of 92%. This showed that adding H 2 S into the BTF system had little effect on the toluene Re. Nevertheless, while the environmental factors changed, the toluene degradation bacteria needed a little time to adapt to the new environment. The desulphurizing bacterial strains grew continuously over time and together with original toluene degradation bacteria formed a stable bio-film in BTF. The Re of H 2 S increased with the expansion of desulphurizing bacterial strains and remained 95% finally. At this status, the pure emissions could meet the national standards.
Conclusion
The bacterial strains domesticated under the optimized conditions presented a good performance in treating toluene and H 2 S simultaneously. Measurement of performance of the BTF showed that the additive of desulphurizing bacterial strains had little effect on the toluene removal performance of the BTF. The toluene Re could reach a stable level of 92%, while the Re of H 2 S reached about 95%. At this status, the pure emissions could meet national standards.
